アゾベンゼンおよびビス（ジピリナト）亜鉛(II)が架橋した一次元ポルフィリンワイヤー : 合成と光機能 by Mustafar Suzaliza & ムスタファル スザリザ
学位論文 （要約）  
 
 
 
 
One-dimensional Azobenzene- and Bis(dipyrrinato)zinc(II)-linked Porphyrinic Wires –  
Synthesis and Photofunctionality 
 
( アゾベンゼンおよびビス(ジピリナト)亜鉛(II)が架橋した一次元ポルフィリンワ
イヤー －合成と光機能 ) 
 
 
 
 
 
 
 
 
 
 
 
 
平成 28 年度 7 月博士(理学)申請 
 
東京大学大学院理学系研究科 
化学専攻 
 
MUSTAFAR SUZALIZA 
ムスタファル	 スザリザ 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
This thesis describes a series of studies on the synthesis of one-dimensional porphyrinic 
wires and the exploration of their functionalities. Two kinds of starting materials were 
used for the construction of the porphyrinic wires. One is an aniline-porphyrin hybrid and 
the other one is a dipyrrin-porphyrin hybrid. These porphyrin monomers were chosen 
because of their interesting light absorption properties. Two methods were employed to 
fabricate those wires. In Chapter 1, the introduction to porphyrin, dipyrrin, and their 
properties as well as the application were discussed comprehensively. The application of 
porphyrin and its derivatives as explained briefly in this chapter. 
 
In Chapter 2, the preparation and properties of azobenzene-linked porphyrinic wires were 
described. The wires were successfully fabricated by electrochemical polymerisation. 
The advantages of electrochemical polymerisation were mentioned in this chapter. 
Electrochemical polymerisation was proven to be an excellent method to immobilised the 
porphyrin monomer on various solid substrates. The film characterisation was done by 
various techniques in order to understand the physical and chemical properties of the film. 
The functionality of these wires also been studied. The wires were exhibited photocurrent 
generation ability upon light irradiation. 
 
In Chapter 3, the fabrication of bis(dipyrrinato)zinc(II)-linked porphyrinic wires were 
discussed. The hybridization between dipyrrin and porphyrin was a good approach to 
improve the wire’s photochemical properties. These wires were prepared by simple metal 
complexation between zinc ion and dipyrrin moiety. The photofunctionality of this 
showed some improvement upon this hybridization. These wires also exhibited a 
photocurrent generation ability upon light irradiation. 
 
In Chapter 4, the summary of this series of research is described. In conclusion, both 
methods either electropolymerization or metal complexation can be engaged to fabricate 
one-dimensional wires. Since porphyrin can absorb light intensely, these wires shown 
good photofunctionality.   
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CHAPTER 1 
 
GENERAL INTRODUCTION 
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1.1 Porphyrins and its properties 
A series of valuable characteristics, such as developed π-conjugation, intense 
color, rigid structure, and high chemical stability, allow porphyrins to be utilized in broad 
application areas like electronics,1 medicine,2 catalysis3 and so forth. In particular, 
because of their versatility in light absorptions and redox activities, porphyrins are 
frequently used in optoelectronics4 and photovoltaics5 applications. With adequate 
electron transfer ability and capability to acquire light in wide wavelengths, porphyrins 
become eminent in light-induced electron donating systems, leading to applications in 
dye-sensitized solar cells6,7,8 and bulk heterojunction solar cells.9,10,11 The word porphyrin 
originated from porphura, purple in Greek language. All porphyrin and its derivatives do 
have colors. It is known that reduced form of porphyrins have dark or blue color whilst 
uncharged porphyrins red in color. The simplest porphyrin is porphine which made up 
from four pyrrolic compounds, connected by methyne bridges. Several examples of 
porphyrin derivatives are shown in Figure 1.1 
 
 
 
 
Figure 1.1: Example of several porphyrin derivatives. This figure is reproduced from 
ref. 12. Copyright 2002 Elsevier.12 
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In general, porphyrins have planar structure with 22 π conjugated electrons. 
However, as shown in Figure 1.2,13 only 18 π conjugated electrons are counted in one 
delocalized pathway abide by Hückel’s 4n+2 rule. The two excluded double bonds from 
delocalization pathways are prone to be reduced or oxidized.14,15  
 
 
 
Figure 1.2. Delocalization pathways in porphyrin macrocycles. This figure is 
reproduced from ref. 13. Copyright 1988 Royal Science Society.13  
 
 
In porphyrin nomenclature, two systems were established known as Fischer and IUPAC 
nomenclature (Figure 1.3). In Fischer nomenclature, Greek alphabets are used to label 
carbon at meso positions. However, this nomenclature system suffered from lack of 
identification for all carbon on porphyrin skeleton. On the other hand, IUPAC 
nomenclature successfully overcomes the major drawback facing by Fischer 
nomenclature by named all carbon on porphyrin skeleton.  
   
  
Figure 1.3: Comparison between Fischer (left) and IUPAC (right) nomenclature systems. 
This figure is reproduced from ref. 16. Copyright 1988 John Wiley & Sons, Inc.16 
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Porphyrins and its derivatives can be synthetically synthesized as well as 
naturally found in nature.17 For instance, heme18 and chlorophyll19 are two well-known 
naturally occurring porphyrin compounds. Heme is an iron-containing complex which act 
as oxygen carriers. On the other hand, chlorophylls are the magnesium-porphyrin 
compounds which converting light energy into chemical energy in photosynthesis system.  
 
 
 
 
 
 
 
 
Figure 1.4 : Heme18 and chlorophyll a. This figure is reproduced from ref. 18. Copyright 
2014 American Chemical Society and from ref 19. Copyright 1990 Elsevier.19 
 
Owing to its robust structure, porphyrin macrocycles are known to have high thermal and 
chemical stabilities. Besides that, porphyrin and its derivatives also have intense 
electronic absorption and emission. As shown in Figure 1.5, an intense band within blue 
region commonly appears in UV-vis absorption spectra of porphyrins. This band is 
known as Soret band which represents the macrocyclic conjugation in porphyrin skeleton. 
The destruction of aromatic pathway can be easily identified by abnormality of Soret band. 
Eventually, the Soret band will remains unchanged if 18 𝜋-electron cyclic pathway is 
preserved upon any reaction. Besides Soret band, another visible spectrum with adequate 
intensity can be noticed in the range of 500 to 600 nm. These bands are called Q bands 
and commonly appears four in free base porphyrin spectrum or two in 
metalloporphyrins.20  
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Figure 1.5: Absorption spectra of tetraphenylporphin. This figure is reprint from ref. 20. 
Copyright 1951 American Chemical Society.20 
 
 
Figure 1.6: Luminescence spectra of CuMPDE 77 K. This figure is reprint from ref. 21. 
Copyright 1983 Elsevier.21  
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The present of substituents and substituents arrangement directly influence the 
light absorbance as well as the appearance of porphyrins. Apart from just simply 
introduced substituents to porphyrin macrocycles, the properties of porphyrins can also 
be change by inserting suitable metal at the center of porphyrin core. Metalation directly 
influence electronic and binding properties which cause distinctive characteristics 
between metalloporphyrins and free base porphyrins. Generally, only free base 
porphyrins or closed shell metal complexes are known to exhibit fluorescence.22 For 
instance, free base and zinc(II) porphyrins show both fluorescence and phosphorescence 
but copper(II) exhibit luminescence only at low temperatures (Figure 1.6).23  
The NMR spectroscopy is one of the reliable technique to study porphyrin 
structures. The large aromatic ring current of the delocalization of π-electrons causes 
anisotropic effects in proton NMR.24 This effect causes NMR signals for protons at meso 
position appear at low field, normally around δ 8 and 9 ppm whilst signals for shielded 
protons such as interior nitrogen-bound proton can be seen at very high field around δ -4 
to -2 ppm. The carbon atoms in 13C NMR of porphyrin are named by Greek alphabet 
which denoted as α pyrrolic, β pyrrolic and meso carbons. Peak of α carbons usually 
resonates around 145 ppm and 130 ppm for β carbon. In the case of meso carbon, the 
peaks usually spot around 120 ppm. Line broadening in α pyrrolic carbon signal is due to 
NH tautomerism. Nevertheless, this effect is easily suppressed by metalation or 
deprotonation.25         
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1.2 Synthesis of Porphyrins 
1.2.1 Adler-Longo’s method 
The meso-substituted porphyrins could not naturally occur in nature26 like β-
substituted porphyrins. However, meso-substituted porphyrin is absolutely important in 
various application especially in material chemistry. Tetraphenylporphyrin (TPP) is the 
easiest meso-substituted porphyrin known to be synthesized. TPP can be simply prepared 
by reacting pyrrole with benzaldehyde in the present of a Lewis acid. Rothermond27 was 
recognized as the pioneer in synthesizing meso-substituted porphyrin. He successfully 
conducted the reaction in sealed glass tubes at high temperature.28 Even though this 
method can synthesized TPP, it faced major drawback by producing very low amount of 
TPP and producing tetraphenylchlorin as side reaction. 
Noticing the problem facing by Rothermund’s method, Adler and Longo29 
introduced new approach that afforded high yield up to 20-25% which is superior 
compared to Rothemond’s method. Scheme 1 illustrates the general Adler-Longo 
synthesis. TPP can be synthesized by simple condensation of pyrrole in propionic acid at 
reflux in the present of oxygen which is necessary to oxidize the porphyrinogen 
intermediate. Despite producing better yield, this method also suffers from some 
limitation to synthesis symmetrical porphyrins. For instances, the harsh reaction condition 
such as refluxing at 1410C cause aldehyde with sensitive groups such as hydroxyl, thiol 
and amino are not possible to be used in fabrication of meso-substituted porphyrins. This 
kind of limitation affect the functionality of TPP as building blocks in materials 
chemistry.30 In addition, this method also has purification problem caused by high level 
of tar as well as poor reproducibility.   
    
 
Scheme 1: General Adler-Longo synthetic scheme. This figure is reproduced from ref. 
29. Copyright 1967 American Chemical Society.29 
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1.2.2 Lindsey’s method 
In more recent years, Lindsey’s group31 proposed an excellent synthesis method 
which in ideal case, yields up to 50%. This method was developed from several 
hypotheses which were proven correct. They firstly proposed tetraphenylporphyrinogen 
was the product of condensation between benzaldehyde and pyrrole.32 The high reactivity 
rate of benzaldehyde and pyrrole helps to predict the unnecessity of high temperature for 
reaction to take place. They tried to conduct the condensation reaction between 
benzaldehyde and pyrrole at room temperature and succeed getting porphyrin as reaction 
product. Whereas later, condensation at room temperature became major merit for this 
method which make the synthesis condition milder. The reaction between pyrrole and 
aldehyde can proceed by adding catalytic amount of Lewis acid such as BF3.OEt2 or 
trifluoroacetic acid (TFA) in chlorinated solvents (Scheme 2). The gentleness in this 
method allows different substituted porphyrins (like A2B2 or A3B) to be prepared from 
one pot reaction. This contributes to the numerous different meso-substituted porphyrins 
which can be synthesized and utilized as important building blocks for further synthesis.33 
Presence of oxidant such as tetrachloro-1,4-benzoquinone (p-chloranil) or 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) is important to oxidize the unstable porphyrinogen 
to form the porphyrin macrocycles. Although this method is really promising in meso-
substituted porphyrin synthesis, some aldehydes which bearing large ortho-substituents 
or very electron-poor group cannot be engaged in synthesis. Tedious work out also needed 
in purification process, but worthy if separation can be achieved because different 
substituted porphyrins could be prepared by one pot reaction which is favorable in organic 
synthesis.     
 
Scheme 2: General Lindsey’s synthethic scheme. This figure is reproduced from ref. 31. 
Copyright 1987 American Chemical Society.31  
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1.2.3 Condensation of dipyrromethanes 
Fischer34 introduced self-condensation of dipyrromethene at high temperature up 
to 200oC in the presence of organic acid such as tartaric or succinic acid. Scheme 3 
showed general synthetic scheme proposed by Fischer. Two different dipyrromethenes 
bearing non-sensitive substituents such as alkyl group are employed in the fabrication of 
porphyrin macrocycles. The condensation condition at high temperature became a 
limitation in introducing sensitive substituents on dipyrromethene ring.  
 
 
               
Scheme 3: General synthetic scheme proposed by Fischer. This figure is reproduced 
from ref. 35. Copyright 2016 Royal Society of Chemistry.35 
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Subsequently, MacDonald36 improves Fischer’s method and known as “2+2” 
MacDonald’s condensation. This method employs dipyrromethanes instead of 
dipyrromethenes (Scheme 4). The milder condensation condition makes this synthetic 
reaction more promising in terms of fabricating porphyrin with various substituents. 
Unfortunately, this synthetic method also has some weakness. For example, 
dipyrromethanes prone to decomposed in acidic reagents which contributes to scrambling 
or redistribution to occur.  
 
 
 
Scheme 4: General synthetic scheme proposed by MacDonald. This figure is 
reproduced from ref. 35. Copyright 2016 Royal Society of Chemistry..35 
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1.3 Dipyrrin-porphyrin Hybridized 
In Chapter 3, synthesis of bis(dipyrrinato)zinc(II) linked porphyrinic wires will be 
discussed comprehensively. Therefore, it is worth to give general introduction of dipyyrin 
in this chapter. In fact, conjugated systems between porphyrin and dipyrrin have attracted 
the attention of many researchers due to their remarkable optical and electronic 
properties.37 Carbon atoms in dipyrrin structure are numbered as shown in Figure 1.7. 
Substituent groups generally integrated at meso position. Dipyrrin and its derivatives are 
widely used as monoanionic bidentate ligand that has ability to form numerous complexes 
either with main or transition elements38. For instance, different coordination geometry 
and complexation stoichiometry will be achieved when dipyrrin forms complexes with 
metal ions such Zn, Cu, In, Ga, Sn and so forth. These differences give diversity in 
properties and applications.39,40,41 However, dipyrrin-boron (BODIPYs) complexes 
relatively more prominent compare to other complexes because of their strong and 
tunable fluorescence properties. The interesting optical properties exhibited by 
hybrization of porphyrin-dipyrrin derivatives as in Figure 1.8 has intrigue interest of 
many researchers to engage it as a functional π-conjugated system in numerous purposes42 
such as fabrication light harvesting arrays for molecular based solar cells,43 optoelectronic 
gates44 and so forth. Moreover, Lindsey et al. also reported dipyrrin metal complexes as 
bridging units for energy transfer systems consisting of porphyrins.45 
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Figure 1.7: Carbon numbering in dipyrrin structure.46 
 
 
 
Figure 1.9: An example of dipyrrin metal complexes as bridging units. This figure is 
reproduced from ref.45. Copyright 2003 American Chemical Society.45 
 
 
Figure 1.8: An example of hybridization between dipyrrin derivative and porphyrin. 
This figure is reproduced from ref. 47. Copyright 2010 Royal Society of Chemistry.47 
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1.4 Application of Porphyrins 
1.4.1 Electronics  
Planarity and strong π-conjugation in its structure cause porphyrin as a favourable 
candidate to be employed in fabrication of various electronic devices. π-conjugated 
molecules are known to exhibit successful charge transport property ascribed to effective 
overlapping of π-orbitals.48 Therefore, porphyrin derivatives are preferable in 
constructing electron delocalizing systems.49 For instance, an appropriate synthetic array 
could emerge as molecular photonic wires (Figure 1.10). Molecular photonic wires and 
molecular electronic wires are totally distinguishable. Molecular photonic wires transfer 
excited state energy while molecular electronic wires support electron or hole transfer.50 
The general design of photonic wires are generally resembles the synthetic light-
harvesting system which consist of input and output unit. Other than that, 
metalloporphyrins have also been extensively studied to be used in fabrication of 
molecular electronics (Figure 1.13),51 as sensitizer in solar cells (Figure 1.11),52,53 
memory devices (Figure 1.12)54 and so forth. 
   
 
 
Figure 1.10: Illustration of a photonic molecular wires. Input unit is Bodipy-based dye, 
zinc porphyrin as bridging unit and free-base porphyrin as emitting output unit. This 
figure is reproduced from ref. 55. Copyright 2015 Royal Society of Chemistry.55 
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Figure 1.11: Porphyrin as sensitizer in fabrication of solar cell. This figure is reprint 
from ref. 53. Copyright 2007 American Chemical Society.53  
 
 
Figure 1.12: The diagram illustrates the application of porphyrin film in resistive 
memory device. This figure is reprint from ref. 54. Copyright 2016 American Chemical 
Society. 54 
 
 
Figure 1.13: An illustration of hybrid light sensitive silicon nanowires-based filed effect 
transistor. This figure is reprint from ref. 56. Copyright 2015 Springer.56 
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1.4.2 Medicine 
Figure 1.14 summarize several porphyrin-based biomaterial and its applications 
in medical field. For example, fluorescence imaging is a useful tool for medical imaging57 
owing to it relatively inexpensive and brief exposure time. π - π stacking between the 
porphyrin molecules will cause porphyrin molecules start to aggregate. These 
aggregations known as J- or H- aggregation will affect the absorption bands and 
subsequently shifted the absorption peaks towards longer wavelength.57 This properties 
make porphyrins useful as inexpensive fluorescence dye with emission wavelength in the 
NIR region.58 Porphyrins and its derivatives also known to form metalloporphyrin 
complexes chelated with diverge range of metal ions which make them potentially high 
to be engage in radiotheraphy and multimodal imaging modalities.59 Apart from that, 
porphyrins also widely used in magnetic resonance imaging (MRI) because of 
noninvasively and high spatial resolution.60 Photodynamic therapy (PDT)61 by engaging 
porphyrin as the photosensitizer in cancer therapy has been widely practiced. This kind 
of therapy helps to minimize destruction effect to healthy tissues close to the tumor cells. 
In PDT, a photosensitizer will absorb light at certain wavelength and get excited to a 
singlet state and subsequently to a triplet state. The excess energy then transfers to 
molecular oxygen and then the molecular oxygen get excites to a highly reactive singlet 
state. In this state, singlet oxygen is cytotoxic and has the ability to destroy tumor cells.62   
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Figure 1.14. Several examples of porphyrin-based biomaterials (inner circle) and their 
applications (outer circle). This figure is reprint from ref. 63. Copyright 2015 Springer.63 
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1.5 Coordination polymers 
Coordination polymers (CP) are metal-ligand compounds that can be either in 
one (1D), two (2D) or three dimensions (3D) depending on the geometries of bridging 
organic linkers and coordination modes of metal ions (Figure 1.15).64 3D CPs which also 
known as metal-organic framework (MOF) are highly ordered array of three dimensional 
coordination compounds. This 3D CPs have been studied for many years due to their 
excellent functionalities that can be engaged in catalysis,65 sorbent for toxic industrial 
chemicals,66 drug delivery67 and light harvesting.68 Eventually, 2D CPs exhibit unique 
properties. For instance a 2D nickel bis(dithiolene) complex nanosheet acts as an 
electronic conductor69 because of large overlap between metal d orbitals and ligand π 
orbital. Owing to increasing studies done in exploring functionalities of 2D CPs, many 
proton-conducting CPs70 as well as other properties such as 2D luminescence CP71 also 
been reported. On the other hand, one dimensional coordination polymer is the simplest 
array in its class. CPs generally fabricated by self-assembly. For instance, 
metalloporphyrin polymers can easily prepared by mixing various bridging 
ligands72,73,74,75 and metal ions in suitable organic solvent. Such polymers were 
successfully synthesized by coordination between nitrogenous ligands and metal ions 
such as ruthenium, osmium or iron.76  
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Figure 1.15: Examples of coordination polymers. This figure is reproduced from ref. 77. 
Copyright 2003 Royal Society of Chemistry.77 
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1.6 Covalent polymer 
Covalent polymers principally obtained by relatively simple chemical78 or 
electrochemical method. For instance, several reports have discovered the achievability 
of direct polymerization of porphyrins via a meso–meso coupling.79 Osuka et al. have 
succeeded in preparing extremely long meso-meso-coupled porphyrin arrays based on the 
chemical oxidation of zinc diarylporphyrins by employing AgIPF6 (Figure 1.16) as 
oxidant.80 Aside from that, since the discovery done by Macor and Spiro,81 the formation 
of covalent polymers more relies on the use of oxidative82 or reductive83 radical coupling 
of porphyrins via substituents on the ring periphery.84   
 
 
 
 
Figure 1.16: Examples of long porphyrin arrays prepared by chemical oxidation. This 
figure is reprint from ref. 80. Copyright 2000 John Wiley & Sons, Inc.80 
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1.7 Immobilization of Porphyrins on Various Solid Supports 
1.7.1 Electrochemical polymerization 
For decades, various methods85,86,87 for porphyrins immobilization on different 
solid support have been numerously reported. One of renowned immobilization process 
is electrochemical polymerization which offers distinctive advantages such as strong film 
attachment to the surface, ability to control film thickness, tolerancy toward other 
chemical functions on the aryl moiety and so on. Although the electropolymerization 
appears to be a simple process to immobilized porphyrinic films on solid support, this 
method typically needs an essential step which consists synthesis of the starting 
monomeric porpyrin subunit composed of electropolymerizable substituents such as vinyl, 
amino,88 hydroxylphenyl, pyrrolyl,89 carbazolyl,90,91 thienyl,92 or pyridyl93 groups. The 
appropriate scanning to certain potential will generate corresponding radicals, which 
initiate further polymerization between monomers.94 On the other hand, a direct 
coupling95 as well as nucleophilic attacks96 onto porphyrin cation radicals have been 
reported as other alternative in the porphyrin polymerization. This nucleophilic attack 
was applied to the electrosynthesis of a porphyrinate-viologen wire and cationic 
porphyrin copolymers bearing an appropriate Lewis base as substituent.97 In the case of 
aryl radical grafting, Stevenson et al. proposed that the generated polymeric film may 
strongly be physisorbed to ITO surface98 although the detailed information is unclear. In 
this research, aniline-substituted porphyrins at meso position were electropolymerized 
and azobenzene-linkages were generated in the polymeric film structure. Glassy carbon 
(GC), ITO and tin oxide (SnO2) were employed as solid surfaces towards the exploration 
of photofunctionality exhibited by the films.  
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1.7.2 Molecular self-assembly 
 Bottom-up or self-assembly approach is known to give structural control as well 
as versatility in nanofabrication. The idea of self-assembly was taken from the work of 
Langmuir and Blodgett99 in 1935. In 1946, Bigelow et al.100 found out long chain 
alkylamines can form a densely packed monolayer on platinum surface. However, the 
term self-assembly was not really used to describe the formation of well-ordered 
molecular monolayer at that moment. The term self-assembly started to be mentioned 
when Nuzzo and Allara discovered the formation of close-packed monolayers of 
chemisorbed alkyl thiolate molecules when contacted with gold surfaces.101 The 
formation of molecular crystals,102 colloids,103 lipid bilayers/monolayer,104 and self-
assembled monolayer105 are all examples of molecular self-assembly. Nowadays, 
molecular self-assembly is widely adapted in numerous applications including 
electronics,106 energy storage and conversion,107 biomedical108 and so forth. Molecular 
self-assembly can be defined as a process in which molecules or part of molecules 
spontaneously form ordered aggregates.109 Figure 1.17 shows general steps in preparing 
SAMs on solid substrate. When a suitable substrate is immersed in a ligand solution, 
attraction and repulsion between molecules leads to self-assembling. The essential 
component in fabricating SAMs on solid substrate are tether, linker and a suitable 
substrate. During the formation of SAMs, tether compounds will form certain bonding 
with solid substrate and form ordered structure. In general, several interactions like van 
der Waals and electrostatic interactions, hydrophobic interactions, hydrogen bonds and 
so forth will form in self-assembly. Thus, weak covalent bond and coordination bond 
have also been reported.110 In the case of gold substrate, when the clean gold substrate is 
immersed into thiol solution,111 self-assembly rapidly takes place and produces highly 
ordered films by forming coordination bond between thiol and gold atoms. Not only 
limited to thiol, other moieties like disulfide,112 thiocyanate113 are also commonly used to 
fabricate SAMs on gold substrate because gold is known to have excellent thermal and 
electric conductivity, inert against heat, humidity, oxidation and numerous chemical 
reactions. Other solid substrates such as ITO and silicon are generally used for self-
assembly. For example, the transparency of ITO makes it possible to be employed as 
electrodes in dye-sensitized solar cells as well as in organic electric luminescence devices 
   22 
because the compatibility of ITO for photoirradiation. Several chemical compounds such 
as phosphoric acid, trialkoxysilane,114 thiophene or carboxylic acid115 are generally used 
for ITO surface modification.116 
 
 
 
Figure 1.17: General steps in preparing SAMs on solid substrate. This figure is 
reproduced from ref. 116. Copyright 2005 American Chemical Society. 116 
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1.7.3 Stepwise-surface modification 
Surface modifications by SAMs are primarily based on monolayer systems with 
simple chemical structures. Integration of multifunctional molecules in self-assembly will 
cause the synthesis becomes more complicated and unfavorable. Therefore, layer-by-
layer assembled by stepwise surface modification is being developed to grant easy 
fabrication of more complex molecular structure by facile approach. Since this method 
offers the flexibility in tailoring metal ions and functional ligands, this method appears to 
be really promising in material science because the diversity and functionality of ligands 
are really important in fabricating many molecular building blocks. In stepwise surface 
modification, a template is firstly prepared by self-assembly.117,118 Meanwhile, 
electropolymerization on a SAM-modified surface were also reported and successfully 
fabricated a multilayer structure.119 Besides that, stepwise coordination reactions are also 
useful to synthesize oligomeric molecular wires with the desired number of complex units 
and hetero-layered structures. This method basically involves sequential immersion into 
solutions of metal ions and bridging ligands as shown in Figure 1.18. A suitable substrate 
which acts as the template needs to be immersed in certain amount of time in an anchor 
ligand solution. After that, the modified substrate is dipped into a metal source solution 
containing a metal ion which commonly inorganic metal salts.120 Next, the metal-ion-
terminated substrate is immersed into bridging ligand solution, which has a number of 
coordination sites. Thus, a one-layer metal complex wire is prepared. By controlling the 
repetitive number of substrate being immersed into metal ion and bridging ligand solution, 
the length of polymers can easily be monitored. A handful reports on fabrication of 
multilayer using stepwise coordination were for linear wires121 with various metal 
complex oligomer and polymer wires. However, the emerging research of branched 
structures using ligand with more coordination sites continue flourishing (Figure 1.19).122      
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Figure 1.18: Illustration of stepwise coordination reaction in constructing the multilayer 
structure. This figure is reproduced from ref. 120. Copyright 2004 American Chemical 
Society. 120 
 
 
 
Figure 1.19: Schematic of ligand (A), linear (B) and branched (C) oligomer wires 
prepared by stepwise coordination reaction. This figure is reprint from ref. 122. 
Copyright 2007 John Wiley & Sons, Inc.122 
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1.8 Aim of This Thesis 
In my PhD study, two different porphyrins wires were developed using two different 
polymerization methods. As mentioned before, various polymerization techniques have 
been developed to immobilize monomers on solid substrates. Out of these numerous 
techniques, I used electrochemical polymerization to fabricate the first porphyrinics wires 
because of simplicity and functionality offered by this technique. In this study, I engaged 
simple porphyrin structure to be immobilised on solid substrate in order to explore the 
formation azo-linkage during electropolymerization. Since the polymerized film 
exhibited photofunctionality, this study will open the possibilities to integrate other 
substituents into the porphyrin design. In fabricating second porpyrinic wires, simple 
metal complexation reaction was engaged. The wires were fabricated in order to explore 
the photofunctionality of hybridized dipyrrin-porphyrin monomer. 
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CHAPTER 2 
 
AZOBENZENE-LINKED PORPHYRIN WIRES FORMED BY 
ELECTROCHEMICAL POLYMERIZATION 
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2.1 Introduction 
In particular, porphyrin derivatives are known to exhibit versatility in light 
absorptions and redox activities. Therefore, porphyrins are frequently used in 
optoelectronics1 and photovoltaics2 applications. With adequate electron transfer ability 
and capability to acquire light in wide wavelengths, porphyrins become eminent in light-
induced electron donating systems, leading to applications in dye-sensitized solar cells 
and bulk heterojunction solar cells.   
Synthesizing porphyrinic polymers on solid surface is an important technique for 
applications.3 Such polymer structures may be accomplished by various methods as 
discussed in Chapter 1. The preparation of thin porphyrin films on solid substrates 
demands for adequate methods to secure that the distinct physical and chemical properties 
of the molecule are integrated to the material. Through electropolymerization, the 
polymerization can be achieved either by electrooxidative or electroreductive4 reaction.  
Among other techniques, porphyrin electropolymers were mostly generated by oxidizing 
instead of reducing the monomeric porphyrins in solution. Thus, the electrochemical 
oxidation of porphyrin monomers has been proven to be an excellent method in 
generating polymeric films covalently grafted to the electrode surface.5 Strong film 
attachment to the surface become one advantage as well as the capability to control the 
layer thickness,6 and its tolerance toward other chemical functions on the porphyrin 
moiety make electropolymerization a favorable technique.  
In this research, the formation of azobenzene linkage upon electrooxidation is 
crucial to ensure the polymerization can be achieved. Azo linkage is known to exhibit 
multi functionalities as well as great properties such as can act as an electron conducting 
bridge,7 has high thermal stability,8 responsive to light irradiation and so forth. For 
instance, photo responsive properties of azo linkage lead to fabrication of liquid crystal.9 
Besides that, polymer containing azo linkage also exhibit another fascinating properties 
such as photoconductivity10 and photochromism.11,12 These multi functionalities 
contribute to the potential applications in sensors, photo switching as well as other 
photonic devices.  
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2.1.1 Aim of This Study 
As mentioned in introduction, azo group is an interesting motif to be integrated 
into a polymer structure due to their stability and conductivity. By employing porphyrin 
monomer comprising anilino group, the tendency to covalently linked two porphyrin 
monomer is high. Therefore, in this study I fabricated azobenzene-linked porphyrin 
polymer (Figure 2.1) by engaging electrochemical oxidation to induce oxidative coupling. 
Since the modified electrode by thin films have many potential applications, three 
different electrodes have been used as solid substrates to immobilize the porphyrin 
monomer on it. Even though these three solid structures different from one another, the 
successful polymer immobilization on these electrodes will open the possibilities to 
engage these modified electrons in various application areas such as catalysis and light 
harvesting system. The generated polymeric film is expected to show photofunctionality, 
so that I engaged the modified ITO with this polymeric films in photocurrent generation 
measurement. Hence, the photofunctionality of the electropolymerized porphyrin film 
was disclosed along with the plausible mechanism for photoelectric conversion.  
 
 
 
 
 
 
 
 
 
Figure 2.1: The porphyrinic wires comprising anilino substituents and azobenzene-linker. 
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2.2 Experimental Section 
2.2.1 Reagents  
All chemicals were purchased from Kanto Chemical Co., Tokyo Chemical 
Industry Co., Ltd, or Wako Pure Chemical Industries, Ltd, and used as received unless 
otherwise stated. 1 was synthesized according to previous literature studies with a few 
modifications.  
 
2.2.2 Materials 
The working electrode were made from a glassy carbon (GC) rod (Tokai Carbon 
Co. Ltd.), indium-tin oxide (ITO) on glass (5 Ω sq-1) and tin oxide (SO2). The glassy 
carbon rod was cut to 3 mm long pieces, washed with water and acetone and dried in 
130oC oven. The GC rod was then sealed in a Pyrex glass tube by gas-oxygen flame. The 
sealed GC electrode was polished by waterproof abrasive papers and finished by 0.3 µm 
Al2O3. ITO and SnO2 was treated before use upon sonication in acetone (10 minutes) and 
non-ionic detergent in water (30 minutes × 2) and, and purified water (10 minutes). The 
cleaned substrates were stored in water, and dried by nitrogen blow just prior to use. The 
counter electrode was prepared by sealing platinum wire in a soda-lime glass, annealed 
with oxygen flame, and cooled down prior to use. In photofunctionality experiment, tetra-
N-butylammonium perchlorate, Bu4NClO4, employed as a supporting electrolyte was 
purified by recrystallization from ethanol, and dried in vacuo. A Milli-Q purification 
system (Merck KGaA) was used to obtain pure water.  
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2.2.3 Instrumentations 
All 1H NMR data were recorded on a Bruker-DRX500 using CDCl3 as the 
solvent and tetramethylsilane (δH = 0.00) as an internal standard. High-resolution fast 
atom bombardment mass spectrometry (HR-FAB-MS) was conducted using a JEOL 
JMS-700 MStation mass spectrometer. UV/vis spectra were obtained with a JASCO V-
570 spectrometer. Raman spectra were recorded using a JASCO NRS-5100. AFM 
measurements were carried out using an Agilent Technologies 5500 scanning probe 
microscope in the high-amplitude mode (tapping mode) with a silicon cantilever Nano 
World PPP-NCL probe. FE-SEM images were recorded using JEOL JSM-7400FNT with 
an acceleration voltage of 1.5 kV. All experiments were carried out under an ambient 
condition unless otherwise stated. The molecular size of 1 was determined by DFT 
calculation. The DFT calculation was carried out using a Gaussian09 Revision D.01 
program package. The geometry optimization was performed using B3LYP functional 
with the LANL2DZ basis set for Zn and 6-31g(d) basis set for the other atoms and the 
result was visualized using GaussView 5.0.8 software. Whilst for photofunctionality, a 
xenon lamp (MAX-302, Asahi Spectra Co., Ltd) was used as photon flux source and a 
monochromator (CT-10, JASCO Corporation) to monochromate the photon flux. An 
electrochemical analyser (ALS 750A, BAS Inc.) was used to control the electrode 
potential and photocurrent acquisition of the photoelectric conversion system. A photon 
counter (8230E and 82311B, ADC Corporation) was engaged in quantifying the photon 
flux of the incident light.  
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2.2.4 Photoelectric conversion ability measurements 
The setup of photocurrent generation measurement is shown in Figure 2.2. The 
modified ITO electrode with P1 (formed by 50 scan cycles) was assigned as a working 
electrode (photoanode). The UV-vis absorption of the modified ITO was measured at 
different position to assure the uniform film coverage on the modified electrode. The 
uniformity of film coverage on modified electrode is essential element to gain good result 
from photoelectric conversion measurement. An Ag/Ag+ electrode (0.01 M AgClO4 in 
0.1 M Bu4NClO4/acetonitrile) acting as a reference electrode and a Pt wire as a counter 
electrode. All three electrodes were engaged in an acetonitrile solution of 0.1M Bu4NClO4 
containing triethanolamine (TEOA, 0.05 M) as a sacrificial donor reagent. The cell was 
sealed and deoxygenized by argon bubbling for 5 minutes. An electrochemical analyzer 
was used to control the electrode potential and photocurrent acquisition of the 
photoelectric conversion system. Monochromatic light for an action spectrum (400–500 
nm in every 10 nm) was extracted from a xenon lamp and a monochromator was utilized 
to monochromate the photon flux while a photon counter was engaged in quantifying the 
photon flux of the incident light for the quantum yield calculation. For the wavelength-
dependent quantum yield measurement, the potential bias was fixed at -0.22 V vs. Ag+/Ag. 
The size of the electrode active area was approximated from a fluorocarbon rubber o-
shaped ring; 0.264 cm2.  
 
                   
 
 
 
 
 
 
 
 
 
Figure 2.2: The schematic image of the electrochemical cell for the photoelectric 
conversion measurements. 
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2.2.5 Quantum efficiency (IQE)13  
The quantum yield of photocurrent conversion, 𝛷 was calculated by referring to Equation 
(1).  𝛷 = ne/np             (1) 
ne = number of mole of electrons that flow in the circuit per unit time (in mol s-1)  
np = number of mole of photons absorbed by the sensitizer per unit time (in mol s-1) 
 
thus, ne were calculated using equations (2), 
ne = i/F, (2) 
while np was calculated using equation (3).  
np = Wλ[1-10-A]/NAhc, (3) 
  
I = current flow (in A) 
F = Faraday constant (9.65×104 C mol-1) 
W = photon flux of incident light (in J s-1) 
λ = wavelength of the irradiated light (from 4.00×10-7 m to 5.00×10-7 m) 
A = absorbance at the irradiated wavelength 
NA = Avogadro constant (6.02×1023 mol-1) 
h= Planck constant (6.63×10-34 J s)  
c= velocity of light (3.00×108 m s-1) 
 
Hence, i was calculated using equation (4): 
i = iL - iD, (4) 
iL= average light current for the first cycle (10 s)   
iD = average dark current just before the illumination of light.  
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2.2.6 Synthesis of monomer (1) 
Synthesis of 5-(4-nitrophenyl)dipyrromethane (S1)14 
Pyrrole (44 mL, 630 mmol) and 4-nitrobenzaldehyde (3.83 g, 25.4 mmol) were added to 
a 200 mL of triple-neck round-bottomed flask and degassed with a stream of N2 for 15 
min. Then, trifluoroacetic acid (0.20 mL, 2.60 mmol) was added to the mixture. The 
solution was stirred under N2 at room temperature for 10 min and then quenched with 0.1 
M NaOH aq. The organic phase was extracted with dichloromethane and washed with 
water. The organic layer then dried over Mg2SO4, and the solvent was removed after 
filtration under reduced pressure. Purification was performed by column chromatography 
on silica gel using CH2Cl2: hexane (3:1) as eluent. Yellow solid was obtained as the final 
product (5.035 g, 74.4% yield). Mp: 157.5−159.2 oC; 1H NMR (500 MHz, CDCl3) δ 8.20 
(d, J = 8.82 Hz, 2H), 8.02 (br s, 2H), 7.39 (d, J = 8.35 Hz, 2H), 6.77-6.78 (m, 2H), 6.21 
(q, J = 3.03 Hz, 2H), 5.89 (s, 2H), 5.61 (s, 1H). 
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Synthesis of 5,15-di(4-nitrophenyl)-10,20-diphenylporphyrin (S2)15  
Compound S1 (1.0 g, 3.7 mmol) and benzaldehyde (0.40 g, 3.7 mmol) were dissolved in 
500 mL of anhydrous dichloromethane under N2. The reaction mixture and trifluoroacetic 
acid (15.2 mL, 194 mmol) were cooled at 0 0C with an ice bath and a PTFE cannula was 
used to add the acid slowly into the reaction mixture. The reaction vessel was protected 
from light by wrapping with aluminum foil and the reaction mixture was stirred at 0 0C 
for 40 minutes. Chloranil (1.84g, 7.48 mmol) was then added and the mixture 
continuously stirred at room temperature for 1 hour. Then, the reaction was quenched by 
adding triethylamine (27 mL, 190 mmol). Organic phase was washed with water and dried 
over MgSO4. The solvent was evaporated under reduced pressure and column 
chromatography was conducted on silica gel with dichloromethane as eluent. Purple solid 
was obtained as the final product (1.513 g, 57.45% yield). Mp >320 oC; 1H NMR (500 
MHz, CDCl3) δ 8.91 (d, J = 4.61 Hz, 4H), 8.76 (d, J = 4.71 Hz, 4H), 8.65 (d, J = 8.46 Hz, 
4H), 8.41 (d, J = 8.39 Hz, 4H), 8.21 (d, J = 7.42 Hz, 4H), 7.75-7.82 (m, 6H), -2.78 (s, 2H). 
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Synthesis of 5,15-di(4-aminophenyl)-10,20-diphenylporphyrin (S3)16 
Compound S2 (0.5 g, 0.71 mmol) was dissolved in 300 mL of concentrated hydrochloric 
acid under N2. SnCl2.2H2O (0.96 g, 4.26 mmol) was added to the solution, and refluxed 
for 4 hours. The reaction mixture left to cool, and cold water was added to quench the 
reaction. Then, pH of the reaction mixture was adjusted to pH 8-9 with concentrated 
ammonium hydroxide. Dichloromethane was added to extract the organic phase and dried 
over MgSO4. The solvent was evaporated under a reduced pressure, and purification was 
done by column chromatography on silica gel with dichloromethane as eluent (0.151 g, 
33%). Mp >320 oC; 1H NMR (500 MHz, CDCl3) δ 8.93 (d, J = 3.57 Hz, 4H), 8.83 (d, J = 
3.84 Hz, 4H), 8.21-8.23 (m, 4H), 7.99 (d, J = 8.25 Hz, 4H), 7.75-7.78 (m, 6H), 7.08 (d, J 
= 8.28 Hz, 4H), 4.04 (s, 4H), -2.75 (s, 2H) 
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Synthesis of 5,15-di(4-aminophenyl)-10,20-diphenylporphyrinatozinc(II) (1)17 
Zn(OAc)2 (0.768 g, 3.50 mmol) was dissolved in 10 mL methanol and added to 100 ml 
reaction flask containing S3 (0.023 g, 0.035 mmol) in 40 mL dichloromethane. The 
reaction mixture was refluxed for 4 hours with continuous stirring. TLC was used to check 
completion of the reaction. Once the reaction was completed, the reaction mixture was 
poured into 50 mL water and the organic phase was extracted by adding excessive 
dichloromethane. After extraction, the organic layer was washed with water and brine 
and dried over MgSO4. The solvent was evaporated under a reduced pressure, and the 
residue was passed through flash column chromatography on silica gel (eluent: 
CH2Cl2/CH3OH = 100:5) to get purple powder (0.021 g, 79.3%). 1H NMR (500 MHz, 
CDCl3, ppm) δ 8.94 (s, 8H), 8.24 (d, 8H, J = 6.38 Hz), 7.67-7.74 (m, 12H). HR-FAB-MS: 
706.1844 [M]+, calcd. for: C44H30N6Zn+: 706.1823 
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2.3 Results and Discussion 
2.3.1 Cyclic voltammetry  
In this study, porphyrinic polymer wire P1 was synthesized through 
electrooxidation method by employing three different electrodes to understand the 
electrochemical behavior between them. The electrodes were GC, ITO and SnO2. Apart 
from that, the electropolymerization of monomer 1 to form P1 on transparent electrodes 
were carried out to allow spectroscopic studies. The modification of electrode surfaces 
was conducted in 2.0 mM solution of 1 in 0.1 Bu4NClO4-CH2Cl2. After the 
polymerization was completed, the electrodes were vigorously washed with 
dichoromethane to ensure no monomeric porphyrin or electrolyte left on the electrode 
surfaces. All the modified electrodes were kept in dry condition under normal atmosphere.  
All the electrodes exhibit identical electrochemical behavior and exhibit good electrical 
conductivity as well as excellent stability.  
Figure 2.3 shows a cyclic voltammogram of 1 in 0.1 M Bu4NClO4-CH2Cl2 in a 
repetitive redox process with scan rate as 0.2 Vs-1. The increase of peak currents with the 
number of oxidation cycles is indicative of the formation and growth of an electroactive 
polymeric film on the electrode surface. A broad anodic peak with a shoulder peak was 
noticeable at 0.52 V vs. Ag+/Ag, which corresponds to the oxidation of the amino group18 
and porphyrin macrocyclic rings.19 The shoulder peak was assigned to the oxidation of 
the amine group due to the fact that the substituents will be oxidized before the 
macrocyclic ring.20 This argument is strongly supported by the disappearance of the 
shoulder peaks once the electropolymerization was completed.  
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Figure 2.3: Cyclic voltammograms for 1 (2 mM) upon repetitive scans (from the 1st to 
50th cycles) in 0.1 M Bu4NClO4–CH2Cl2 at GC. 
       
Figure 2.4: Cyclic voltammograms for 1 (2 mM) upon repetitive scans (from the 1st to 
100th cycles) in 0.1 M Bu4NClO4–CH2Cl2 at GC. 
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When the number of scan cycles was increased up to more than 50, the polymer 
conductivity gradually decreased (Figure 2.4). This change might be caused by poor 
electron hopping between porphyrin sites when wires elongate to a certain length. Linear 
relationship between peak current versus number of scan cycles as shown in Figure 2.5 
indicated the formation and growth of an electroactive film on GC surface.21 Upon the 
immobilization of the polymeric film on the ITO and SnO2, the greenish-yellow film was 
clearly seen to coat the electrodes surfaces. In Figure 2.6, a quasi-reversible redox wave 
due to [porphyrinato]zinc(II) moiety was arisen at ca. 0.52 V when the modified electrode 
was employed as the working electrode in blank solution (0.1 M Bu4NClO4-CH2Cl2). 
Besides cyclic voltammetry, differential pulse voltammetry was engaged to measure the 
peak maximum. In Figure 2.7, an oxidation peak was observed at ca. 0.52 V. It should be 
noted that the oxidation of 1 is around 0.5 V. The surface coverage of P1 on ITO 
electrodes was ca. 2.7 x 10-9 mol cm-2, estimated from the peak area of voltammograms.    
 
 
 
            Figure 2.5: Plot of anodic peak current vs. the number of scan cycles. 
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Figure 2.6: Cyclic voltammogram of P1 on GC in 0.1 M Bu4NClO4–CH2Cl2. 
 
  
Figure 2.7: Differential pulse voltammogram for 1 in 0.1 M Bu4NClO4-CH2Cl2 at GC. 
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2.3.2 Comparison of electrochemical behavior between three different      
electrode surfaces 
Three different types of electrodes were employed as the working electrodes. 
From the cyclic voltammograms of GC (Figure 2.10), ITO (Figure 2.11) and SnO2 (Figure 
2.12) obtained after the electropolymerization, all the electrodes exhibited similar 
electrochemical behavior even though the composition of three electrode materials was 
different. In the GC structure (Figure 2.8), there are unsaturated sp2 carbons which allow 
the P1 covalently attached to its surface. On the other hand, the differences between ITO 
(Figure 2.9) and SnO2 lie only on the presence of doping atoms. Therefore, out of this 
differences, P1 was successfully immobilized on all the electrodes surfaces. The identical 
pattern in the cyclic voltammogram between these three electrodes, indicated indeed 
monomer 1 can easily be immobilized on different structure of solid substrate. This 
versatility is really important to broaden the functionality of modified electrodes. For 
instance, the coated GC with electroactive film will lower the GC potential. Subsequently, 
it can be engaged in the electrocatalysis such as hydrogen evolution22 and so on.  
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Figure 2.8: The Jenkins–Kawamura model of glassy carbon. This figure is reprint from 
ref. 23. Copyright 1971 Nature Publishing. 145 
 
 
Figure 2.9: Structure of ITO. This figure is reprint from ref. 24. Copyright 2015 
American Chemical Society.146 
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Figure 2.10: Cyclic voltammograms for 1 (2 mM) upon repetitive scans 
(from the1st to 50th cycles) in 0.1 M Bu4NClO4–CH2Cl2 at GC. 
 
 
 
              Figure 2.11: Cyclic voltammogram for 1 (2 mM) upon repetitive scans  
                  (from the 1st to 50th cycles) in 0.1 M Bu4NClO4–CH2Cl2 at ITO. 
 
 
             Figure 2.12: Cyclic voltammogram for 1 (2 mM) upon repetitive scans  
                (from the 1st to 25th cycles) in 0.1 M Bu4NClO4–CH2Cl2 at SnO2. 
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2.3.3 Control of film thickness 
Due to their simplicity and enticing character, electrochemical polymerization has 
been widely used for forming numerous polymer films on the electrode surface. 
Subsequently, this technique also can control the film thickness. Moreover, the 
functionality and the uniformity of the polymeric film can be manipulated through 
processing parameters such as the scan rate, scan number and so forth.25 In this study, the 
thickness of the polymeric film was successfully controlled by varying the number of 
scan cycles as well as the modifier concentration. In Figure 2.13, the film color becomes 
gradually darker upon increasing the number of scan cycles. This optical property changes 
make the polymerization easier to be monitored during experiments. The thickness of the 
film showed some effect on the photofunctionality of modified ITO. For instance, the 
thicker polymeric films showed cathodic current while the thinner film showed anodic 
current. 
 
 
 
 
Figure 2.13: Effect of scan cycles on film color. 
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2.3.4 Study of surface morphology 
The morphology of P1 was investigated by AFM and SEM. In order to observe 
the edge of electropolymerized film, the modified electrode was scratched using utility 
knife, and the border of the scratched region was inspected. The surface coverage of the 
(porphyrininato)zinc(II) unit was estimated from the average thickness and size of 1 
(Figure 2.14). Monomer 1 was estimated to have 1.8 nm height and 1.8 nm width 
according to DFT calculation. The 3D image of modified ITO in Figure 2.15 (a) displayed 
flat domain which manifested the film uniformity upon electropolymerization.  From 
the cross-sectional profile in Figure 2.15 (b), the average thickness of P1 varied 
corresponding to the difference in number of scan cycles. Table 2.1 summarizes the film 
thickness depending on the number of scan cycles. Film thickness will increase one fold 
when the scan cycles increase one fold. However, when the scan cycles went beyond the 
ideal number (50 scans), the film thickness deviates from this pattern. This likely happens 
because of slower redox reaction once the wires elongate to certain length. The amino 
terminal becomes harder to be oxidized and subsequently the elongation process is  
deteriorated.  
 
 
 
 
 
 
 
Figure 2.14: Molecular structure of monomer 1 (side view (a), and top view (b)). 
 
 
 
 
 
 
 
(a) 
(b) 
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Figure 2.15: (a,b) AFM height (2D and 3D) images of an ITO electrode modified with 
the porphyrin polymer. (c) AFM cross-sectional profile along the blue line. 
 
Table 2.1: Relationship between scan cycles and film thickness 
 
 
 
 
 
 
 
 
 
 
 
 
The Number 
of scan cycles 
Film thickness 
(nm) 
25 60 
50 112 
75 120 
100 200 
Ca. 112 nm 
(a) (b) 
(c) 
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Film images captured by optical microscope and SEM helped better understanding about 
the surface modification. Figure 2.16 taken by optical microscope clearly shows the 
physical difference between ITO and modified area. Since ITO is a transparent material, 
it has no color. On the other hand, the greenish-yellow domain was clearly seen in the 
image of modified ITO. Comparison between these two domains was clearly observed 
from the SEM image in Figure 2.17. Two distinguishable areas ascribed to bare ITO and 
polymer-attached ITO were observed. The bare ITO surface as lower part is rather smooth, 
whilst the area modified with P1 as higher part displays a polymeric texture.  
 
 
Figure 2.16: Image of bare ITO and modified ITO with P1 taken by optical microscope. 
 
 
 
 
 
 
 
 
 
Figure 2.17: SEM image an ITO electrode modified with the porphyrin polymer, P1. 
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2.3.5 UV-vis spectroscopy 
The UV-vis absorption spectra of 1 and P1 were measured and compared to well-
known zinc tetraphenylporphyrin (ZnTPP)26 as shown in Table 2.2. Both monomer and 
polymer films exhibited intense light absorption in blue region which is typically 
observed in absorption spectra of porphyrin. In Figure 2.18, Soret band for 1 was observed 
at 426 nm while for P1 it was redshifted by 4 nm. Both 1 and P1 displayed two Q bands 
instead of four bands which are typical for metalloporhyrins.27 All absorption peaks of 
P1 were red-shifted compared to the absorption peaks of ZnTPP due to the longer 
conjugated carbon chain in P1. The similarity between Soret band and Q bands of P1 to 
monomer 1, indicates that the porphyrin skeleton was maintained upon 
electropolymerization. Therefore, this immobilization method is found to be decent to 
immobilized porphyrin monomer with anilino substituents due to the fact that the stability 
of porphyrin macrocyclic rings could be maintained during the electropolymerization. 
The relationship between scan cycles and light absorption of P1 was shown in Figure 
2.19. The film formed after 100 cycles has the maximum light absorption while the 
thinnest film fabricated upon 5 cycles does the smallest absorbance. Indeed, these 
absorption spectra verified the correlation between scan cycles and film thickness. 
 
Table 2.2:  Visible absorption maxima of ZnTPP, 1 and P1. 
 
 
 
 
 
 
 
 
 
 
 
 
 ZnTPP 1 P1 
Soret Band (nm) 422  426  430  
Q bands (nm) 512  
548  
589  
- 
556  
598  
- 
562  
610  
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Figure 2.18: Absorption spectra of 1 (purple line) in dichloromethane and P1 (green 
line) on ITO. 
 
 
 
 
 
 
 
 
            
 
 
Figure 2.19: The relationship between the absorption of P1 and the number of scan cycles 
for electropolymerization.  
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2.3.6 Fluorescence spectroscopy 
Upon light excitation, 1 exhibit fluorescence emission at certain wavelengths. 
The emission spectra of 1 (Figure 2.20) were measured for excitation wavelength of 427 
nm, 552 nm and 593 nm in toluene. Excitation to the S2 (Soret Band) and S1 (Q bands) in 
1 results in fluorescence. The fluorescence of Soret band is caused by transition from the 
second excited singlet state S2 to the ground state, S0. On the other hand, the fluorescence 
of Q bands is transition from the lowest excited singlet state S1 to the ground state, S0. 
The fluorescence bands of 1 were at 608 nm and 650 nm which are red-shifted compared 
to the fluorescence bands of ZnTPP in dichloromethane appearing at 592 nm and 642 
nm,28 respectively.   
 
 
Figure 2.20: Absorption spectra of 1 (blue line) in toluene and fluorescence emission of 
1 in toluene. 
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2.3.7 Study of azobenzene linkage by Raman spectroscopy 
The presence of azobenzene linkage in P1 was investigated by means of Raman 
spectroscopy and compared with the well-known trans-azobenzene spectrum. Raman 
scattering is known to exhibit strong intensity for modes with C-N and N=N vibrations 
except for C-H displacements. In this research, Raman spectra of 1 and P1 (Figure 2.21) 
were recorded with JASCO NRS-5100 using the probe light at 532 nm. In the case of 
trans-N-benzylideneanilene,29 there are five distinguished bands in the range of 1640-
1400 cm-1. These bonds can be assigned to four bands of ring stretching vibrations known 
as Wilson modes 8a, 8b, 19a,19b30 and the bond above 1600 cm-1 is assigned to double 
bond either C=C or C=N. Therefore, peaks 1 and 2 were assigned to ring stretching. While, 
peak 4 was ascribed to ring vibration. A doublet band due to ring and ring substituents 
stretching is usually observed in this wavenumber range.  
In the Raman spectrum of trans-azobenzene, bands above 1600 cm-1 are absent 
but two bands are present between 1500 and 1450 cm-1, which are assignable to 19a and 
19b modes. In the past, N=N stretching were suggested to be at 143931 and 1472 cm-1 32 
but more recent studies revealed that azo stretching33,34,35 mode is at 1440 cm-1 instead of 
at higher wavelength as previously reported. On the other hand, another Raman active 
azo band at 1143 cm-1 corresponding to N=N-Ph symmetric bend was also reported.35 In 
the Raman spectrum of P1, a characteristic band was discovered at 1446 cm-1, whereas it 
was unnoticeable in 1. This strong peak was assigned to N=N stretching vibration of the 
azo group.36 This peak also appeared in the theoretical Raman spectrum of P1 (Figure 
2.22) obtained by DFT calculation. The similarities between the theoretical and 
experimental Raman spectra support the existence of –N=N- in P1 structure. The shifting 
in frequency of N=N stretching is probably affected by the mixing signal between ring 
and bridging group vibrations. Thus, this upshift indicates that there is a strong coupling 
between N=N stretching and ring stretching vibrations.    
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Figure 2.21: Raman spectra of 1 and P1. 
 
        
Figure 2.22: Theoretical Raman spectrum of P1 obtained by DFT calculation. (cf. N=N 
stretch in azobenzene spectrum36).  
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2.3.8 X-ray photoelectron spectroscopy (XPS) 
P1 was subjected to X-ray photoelectron spectroscopy (XPS) in order to analyze 
their constitutive elements. Figure 2.23 (a) shows the survey scan for P1 on ITO with ca. 
112 nm thickness, while Table 2.3 summarizes the binding energy for related elements. 
As shown in Figure 2.23 (b), two different nitrogen atoms are present in P1 structure. In 
Figure 2.24, the nitrogen peak fitting was done to understand the nitrogen atoms chemical 
environment in P1 structure. Two nitrogen peaks at 397.5 eV and 399.2 eV, whose peak 
ratio close to 2:1 were identified in the (porphyrininato)zinc(II) polymeric film. At 397.5 
eV, the N=N nitrogen atoms37 were directly attached to the conjugated system which may 
influence the binding energy value. On the other hand, the peak at 399.2 eV could be 
assigned to iminic nitrogen atoms at porphyrin ring which coordinated to zinc ion38. The 
zinc 2p2/3 (Figure 2.24) was observed at 1021.02 eV. The abundance ratio between 
nitrogen 1s and zinc 2p2/3 was calculated from the peak areas corrected using the 
photoionization cross-section, which was consistent with the expected values of N:Zn = 
6:1 (found 1.5:6.5). This ratio indicates the formation of azobenzene linkage in P1.  
 
 
 
 
 
 
 
 
 
 
Figure 2.23: (a) XPS spectra of survey scan of peak assignment for P1 on ITO (ca. 
thickness 112 nm). (b) Expected chemical structure with different N atoms in P1. 
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Figure 2.24: Narrow-scan XPS for P1, (a) focusing on the Zn 2p3/2 region, and (b) 
focusing on the N 1s region. (c) Deconvolution spectra of N 1s. 
 
Table 2.3: Binding energies (eV) of elements in P1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Signal Binding energy / eV 
N 1s 399.2 , 398.0 
Zn 2p3/2 1021.02 
C 1s 283.9 
O 1s 287.4, 531.2 
390395400405
Binding energy / eV
1015102010251030
Binding energy / eV
395400
Binding energy / eV
Zn 2P3/2 
N 1s  
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2.4 Polymerization Mechanism 
In this study, various characterization techniques were employed to study the P1 
polymeric structure. From these studies, a plausible polymerization mechanism as shown 
in Figure 2.26 was proposed. The attachment of P1 on electrode surfaces was disclosed 
through cyclic voltammetry. The electrooxidation of P1 initiates the polymerization, 
which is started by the formation of reactive anilino radicals.39 Subsequently, one of the 
anilino radicals was tethered on the electrode surface which C=C bonds serving as 
electrophiles and the amine group acting as nucleophiles. Figure 2.25 shows the formation 
of C-N bonds between GC and the amine 40,41,42,43,44. The nucleophilic attack of anilino 
radical at electrophilic C=C sites on GC surface leads to the formation of covalent bond. 
In the case of ITO and SnO2, although the electrochemical and XPS measurements proved 
the immobilization of monomer 1 on ITO surface through the electrochemical manner, 
the nature of the linkages between the anilino radical and ITO surface including the exact 
mechanism of oxidative attachment remain unclear. However, a plausible mechanism had 
been reported between carbon and ITO surfaces. The modification expects to occur 
through bond formation between a carbon radical that bind to the surface hydroxyl groups 
or strongly physisorbed onto the ITO surface.24 The growth of P1 is enabled by the 
coupling between two anilino radical species which one is tethered on the electrode 
surface while the other one is in the solution phase. The coupling between two anilino 
radical forms hydrazine linkage, which undergoes electrochemical oxidation to 
azobenzene linkage. The presence of the azobenzene linkage in P1 structure was 
identified by Raman spectroscopy and the preservation of porphyrinic moiety upon 
electrooxidation was indicated by UV/vis spectroscopy.  
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Figure 2.25: The formation of CN bond between GC and anilino radical.  
 
 
 
     Figure 2.26: Proposed mechanism of the oxidative electropolymerization  
     of 1 to form P1. 
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2.5. Photofunctionality 
2.5.1 Photoelectric conversion 
The modified ITO was expected to show photofuctionality. Therefore, a three-
electrode electrochemical cell was employed to measure the photoelectric conversion 
ability. The insignificant dark current was observed when the potential of the photoanode 
fixed close to the open circuit potential (−0.22 V vs. Ag/Ag+). A stable anodic 
photocurrent appeared immediately upon irradiation of ITO electrode with λ = 440 nm 
light as shown in Figure 2.27. This demonstrates that photocurrent flows from the 
electrolyte to ITO electrode via P1 polymeric films. The photocurrent fell down instantly 
when the illumination was cut off. The maximum quantum yield for the photoelectric 
conversion was around 0.04%. One possible reason behind the low quantum yields is 
some part of modified ITO which might be suffered from film defect. Eventually, size of 
electrode active area is approximated from size of fluorocarbon O-ring. Therefore, if the 
defect area was included in electrode active area during photocurrent generation 
measurement, it might affect the amount of photon being absorbed and subsequently 
cause low quantum yield. The calculation for quantum yield of photocurrent generation 
was made according to a previous literature.  
 
 
Figure 2.27: Generated anodic photocurrent upon light irradiation at 440 nm. 
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2.5.2 Wavelength dependency 
The features of photocurrent action spectra roughly resemble their respective 
absorption spectra. The agreement of the photoaction spectrum normalized to photon 
numbers with absorption spectrum of modified ITO with P1 from 400–500 nm (Figure 
2.27) demonstrates clearly that the porphyrin is the photoactive species. The maximum 
photocurrent value was observed at porphyrin Soret band, which strongly indicates that 
porphyrin moiety was responsible in the photocurrent generation. The action spectrum 
showed a deviation from absorption spectrum, indicated the maximum absorption band’s 
wavelength is not consistent with the wavelength of the highest photocurrent.45 This blue 
shift in the photocurrent action spectrum might be caused by the solvent effects in UV-
vis absorption measurement. Besides that, introduction of bias potential during 
measurement or light irradiation might significantly affect the orientation of the wires 
which prone to tilted or vice versa. This hypothesis was deduced from the fact that the 
azobenzene-bridged porphyrin can change their conformations under external 
stimulation.46  
 
 
 
 
Figure 2.27: Action spectrum for the photocurrent generation (blue dots) and the 
absorption spectrum of P1 on an ITO substrate (black solid line with yellow dots). 
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2.5.3 Proposed mechanism for photoelectric conversion 
In order to understand in depth, the electron transfer reactions, photocurrent 
generation was observed by applying bias voltage on working electrode (I−V curve) to 
change the relative HOMO and LUMO position against ITO Fermi level. The HOMO 
value of P1 was estimated from the oxidation potential measured by cyclic voltammetry. 
Whilst, the LUMO level of P1 was calculated from absorption peak wavelength of 562 
nm, which is converted to energy by employing equation 2.1.  
 
E=hc/λ   Equation 2.1 
 
Figure 2.28 shows the plausible energy diagram of an ITO electrode, P1 and TEOA. In 
this electron transfer scheme, when the light is irradiated to P1-modified ITO, the electron 
in an occupied molecular orbital is excited to an unoccupied molecular orbital. 
Subsequently, an electron is transferred from P1 to ITO Fermi level. Hence, TEOA as 
sacrificial reagent will donate an electron to hole in P1. 
 
 
 
Figure 2.28: Schematic diagram of the plausible energy diagram of a modified ITO 
electrode, P1 and TEOA. 
 
 
 
   73 
2.6 Conclusion 
Characterization of P1 were conducted by various methods in order to get better 
understanding. The morphology of P1 was studied by employing AFM and SEM, while 
XPS, Raman and UV-vis spectroscopy were utilized to investigate the composition of the 
polymeric film of P1. Microscopic measurement disclosed that P1 had polymeric 
structure and spectroscopic study suggested the presence of azobenzene linkage in P1. 
These results indicate that the one-dimensional molecular wire was successfully 
generated through the electrooxidation of anilino substituents in the porphyrinatozinc(II) 
complex structure. Meanwhile, P1 showed the photoelectric conversion ability with the 
maximum internal quantum yield of 0.04%.  
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In Chapter 1, the porphyrin and its derivatives were briefly introduced. As 
mentioned before, porphyrins are among the most versatile compounds with interesting 
features which have potentials to be utilized in many areas. Apart from that, porphyrin 
also can be polymerized on many solid supports such as glassy carbon, ITO, SnO2 and so 
forth. Self-assembly is one of the pathways to fabricate highly ordered porphyrin 
polymers. However, this modification is primarily based on monolayer systems with 
simple structures. Therefore, stepwise coordination becomes more favorable for more 
complex structures. In the case of fabricating multilayer structures, electrochemical 
polymerization offers several advantages that are significantly attractive and worth to be 
explore extensively. In this research, the polymerization of porphyrinic monomers 
bearing anilino substituents was engaged to fabricate azobenzene-linked porphyrin wires 
on GC, ITO and SnO2. Besides electropolymerization, metal complexation reaction was 
also successfully explored to synthesize a porphyrinic wires which are linked by 
bis(dipyrrin)zinc(II) moiety. 
Comprehensive discussion regarding azobenzene-linked porphyrinic wires 
formed by electrochemical polymerization has been compiled in Chapter 2. 
Electrochemical polymerization is chosen due to simplicity in polymerization process. In 
this chapter, synthesis of monomer 1, its electrochemical polymerization mechanism, and 
characterization of the formed polymer, P1 were thoroughly explained. Various 
characterization techniques were employed and the results verified the present of 
azobenzene linkage in P1 structure. The effect of scan cycles was studied by measuring 
several different electrodes with different thickness. The AFM results disclosed few scan 
cycles resulting to thin film while repetitive scan cycles grow thicker film.  Besides 
characterization, the functionality of P1 was explored through photoelectric conversion 
measurement. P1 was successfully employed as photoanode and anodic photocurrent was 
observed upon light irradiation with 0.04% quantum efficiency. This finding marks the 
potential of P1 to be utilized in fabrication of optoelectronic devices in future. 
Besides electrochemical polymerization, other techniques such as metal 
complexation reaction also has capability to fabricate porphyrinic wires by introducing 
substituents bearing coordination sites to porphyrin macrocycles at meso positions. In the 
research in Chapter 3, dipyrrin moiety was chosen due to its great features such as 
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remarkable optical and electronic properties. Complexation between free base dipyrrin 
moiety with zinc(II) cation in a simple manner opens the possibilities to engage W2 in 
materials science. Therefore, functionality of W2 has been studied and the result turns 
out that W2 has ability to be utilized as photoanode in photocurrent generation. Owing to 
the hybridization between porphyrin and dipyrrin compound, W2 was found to exhibit 
better quantum efficiency (0.19%) and much wider light absorption range. Let alone 
porphyrin moiety, the intense light absorption will be limited around 400-450 nm (Soret 
band) but by introducing the dipyrrin moiety, the absorption wavelength range become 
much broader exceeding 500 nm.  
In summary, synthesis of one-dimensional porphyrinic wires by 
electropolymerization and metal complexation reaction were achieved. The 
photofunctionality of both wires were adequately explored. Both wires were found to 
exhibit photocurrent generation abilities. These studies open the possibilities for both 
wires to be utilized in the fabrication of electronic and optoelectronics applications. 
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